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In this study, conjugates of omega-3 fatty acids (eicosapentaenoic acid, EPA and 
docosahexaenoic acid, DHA) and hydroxytyrosol were produced using Candida antarctica lipase 
B. Esters were purified using column chromatography and characterised using capillary 
chromatography with flame ionisation detector (Iatroscan-FID), high performance liquid 
chromatography (HPLC) and liquid chromatography-mass spectrometer (LCMS). Both 
conjugates Hyt-500:200 and Hyt-150:500 (Ratio shows the concentration of DHA:EPA 
respectively) showed higher DPPH (2,2-diphenyl-1-picrylhydrazyl) and ABTS (2,2-Azino-bis-3-
ethylbenzothiazoline-6-sulphonic) radical scavenging activity. Hyt-150:500 and Hyt-500:200 
were better in inhibiting the bleaching of β-carotene than BHT and α-tocopherol. With increasing 








Enzymes are progressively penetrating the chemical industry as catalysts for abundant reactions. 
The global market of enzymes is assessed at around US$1.5 billion and is expected to grow by 5–
10% annually. Millions of years of evolution has provided enzymes with unparalleled capabilities 
of facilitating life reactions in ways that are sustainable. Compared with conventional chemical 
catalysts, enzyme catalysis is highly specific and it can be carried out under mild temperatures, 
pressures and pHs. Unlike many chemical processes, enzymes are nontoxic and noncorrosive. 
Enzyme and other biocatalysis allow food and drug manufacturers to significantly reduce the 
number of synthetic steps that would be required for conventional synthesis (Gavrilescu & Chisti 
2005).  
One important enzyme that has been widely used and studied is lipase. It has been reported to 
catalyse a broad range of reactions including, esterification, transesterification, acidolysis and 
aminolysis reactions, among others(Akoh & Moussata 1998). Also, lipase has the ability to 
hydrolyse oil and fats into glycerol and free fatty acids. Lipases have been used to concentrate 
omega-3 fatty acids such as eicosapentaenoic acid, EPA and docosahexaenoic acid, DHA from 
fish oil (Akanbi et al., 2013). EPA and DHA have been reported to help in the treatment and 
prevention of disorders such as cardiovascular, Alzheimer’s and Parkinson’s diseases (Mazza et 
al. 2007) 
A number of plant-derived compounds have been reported to be beneficial to human health. 
Prominent among these are polyphenolic compounds. Different classes of polyphenols have been 
reported, including, phenolic acids, stilbenes, flavonoids, lignans, coumarins, tannins and 
phenylethanoid(Holland et al. 2017). Hydroxytyrosol, which belongs to the phenylethanoid class 
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has been shown to have cardio protective properties (Richard et al. 2011). It has also been found 
to be a potencial natural antioxidant (Akanbi and Barrow, 2018).  
Therefore, it will be interesting to see the possibilities of using lipases to couple both polyphenols 
and omega-3 fatty acids together and see potential improvements in some of their properties.  
Project aims 
1. Use of lipase to form conjugates of omega-3 fatty acids with polyphenols 









Lipases are enzymes which aid in the catalysis of lipid hydrolysis and belong to the 
subclass of enzymes known as esterase. Lipases exert essential intrinsic function by contributing 
to the digestion, metabolism, transport and circulation of lipids acquired from foods, such as oils 
and fats (Murakami et al. 2011). Lipases are also present in several microorganisms, for example 
certain virus also possess genes specific to the coding of lipases (Hasan, Shah and Hameed 2006). 
For the purpose of hydrolysis of lipids, lipases exert their function specifically upon a part of the 
backbone of a glycerol, present in the lipid substrate(Zweytick, Athenstaedt & Daum 2000). Such 
characteristic functioning can be explained best by taking examples from lipase secreted by the 
pancreas in humans, known as human pancreatic lipase, which metabolises triglycerides obtained 
from intake of fats and oils into two fatty acids and monoglycerides – and is the primary driver in 
the breakdown and metabolism of lipids in the human body (Verma, Thakur and Bhatt 2012).  
Lipases are also employed extensively in the industry. Since traditional times, lipases have 
been employed by humans for the purpose of dairy product formulation, such as the fermentation 
of yogurt and cheese (Gurung et al. 2013). Lipases are also considered and utilised in the industry 
as an inexpensive catalyst with the wide range of uses and versatility (Gandhi 1997).  In 
biotechnology, enzymes which are recombinant lipases are being utilised as biocatalysts as well 
as for the purpose of additional applications such as manufacturing of laundry products, 
ingredients for bakery and detergent uses(Gurung et al. 2013).  Lipases are also being considered 
for the purpose of producing alternative sources of energy, such as in the conversion to fuel from 
vegetable oils (Schmid and Verger 1998). For the purpose of processing of biodiesels, lipases are 
being utilised as an inexpensive and environmentally feasible alternative, due to their ability to 
exert catalytic functioning similar to traditional catalysts which consume high rates of energy 
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(Lotero et al. 2005). For the purpose of industrial applications, lipases are generally extracted 
from animals, plants and microorganisms. For adequate industrial usage and application of 
lipases, these enzymes undergo process optimization with the aid of small scale continuous 
processing and flow bioreactors (Pandey et al. 1999). For repeated reuse and for use in various 
large scale processes, enzymes have to be immobilized. This can increase the stability of enzymes 
while also lowering the cost of enzymes.  
2.1 Bioconjugation 
The process of bioconjugation involves biological strategies of establishing a link between two 
molecules, of which one molecule must be a biomolecule (Medintz et al. 2005). Bioconjugation 
can also be described as a procedure of linking two biomaterials or a biomaterial with a synthetic 
material, with the aid of non-covalent intermolecular interactions or covalent bonds for the 
purpose of designing a new product with novel features, properties and varied applications unique 
in comparison to the original materials (Kalia and Raines 2010). Due to advancements in 
technology and science, bioconjugates now have a wide range of applications in food and 
pharmaceutical industries. With bioconjugation, it is possible to establish associations between 
biomolecules and various substrates. Also, to enhance manufacturing and application of a wide 
variety of bioconjugates with various functions, a number of reactions are considered and 
developed for the purpose of establishing links between two molecules. Some examples of 
bioconjugates include: polymer bioconjugates, which are useful in the pharmaceutical industry for 
the development of electronic nanodevices, biometrics, biosensors and artificially prepared 
enzymes (Heredia and Maynard 2006). Nanoparticle bioconjugates are used in imaging in 
therapeutic healthcare and purification of cell components like DNA and RNA (Sperling and 
Parak 2010). Dendrimer bioconjugates have pharmaceutical applications such as the enhancement 




A number of studies have also been carried out on bioconjugation of other bioactive compounds 
using enzymes. For example polyphenolic compounds with fatty acids (Kähkönen, Hopia & 
Heinonen 2001), sugars and fatty acids (Adachi & Kobayashi 2005) and vitamins and fatty acids 
(Embuscado 2015). 
2.2 Lipase-catalysed synthesis of bioconjugates 
Conjugates of phenolic compounds 
Plant-derived bioactive compounds such as polyphenols are being widely studied because 
of their health benefits. Polyphenols are known as natural antioxidant. They have been reported to 
possess antioxidant activities comparable to or even greater than most commonly used 
antioxidants (Akanbi & Barrow 2018a). Most commercially available antioxidants, including 
butylated hydroxytoluene (BHT), butylated hydroxyanisole (BHA), tert-butylhydroquinone 
(TBHQ) and propyl gallate (PG) are chemically synthesized and there are growing health 
concerns over their use as food antioxidants(Shahidi 2000)Natural antioxidants such as 
polyphenols are now seen as safer alternatives. Apart being able to slow the rate of food 
deterioration, polyphenols also exert their biological benefits. However, polyphenols are soluble 
in aqueous media than in lipid-based media thus limiting their effectiveness in a number of food 
systems. Therefore, to make them more useful in many matrixes including, fats, oils and cosmetic 
formulations, their structures have to be modified.  
Polyphenols can be modified to improve their oxidative stability and solubility properties by 
attaching fatty acids to them either chemically or enzymatically. The use of enzyme, specifically 
lipase is preferred because reactions involving enzymes are carried out under mild conditions, 
with less side reactions compared to the chemical methods (Akanbi & Barrow 2018a; Akanbi, 
Adcock & Barrow 2013). Immobilised Candida antarctica lipase B (Cal B) was used to conjugate 
quercetin-3-O-glucoside with different fatty acids (Warnakulasuriya & Rupasinghe 2014). 
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Authors found that most of the conjugates have higher antioxidant activities in different lipid 
matrixes(Warnakulasuriya & Rupasinghe 2014). Also, esters of tyrosol synthesized using 
immobilised Cal B were found to be useful for stabilizing infant formula (Pande & Akoh 2016)  
Ascorbic acids (Vitamin C)  
Ascorbic acid or Vitamin C is one of the most used natural antioxidants in food system. 
Vitamin C is only water soluble. It is not soluble in fats and oils. Like polyphenols, a number of 
studies have been carried out on making fatty soluble ascorbic acid using lipases. Fatty acid 
ascorbyl esters, such as ascorbyl palmitate are manufactured using immobilized lipase enzyme 
systems obtained from Candida sp., for the esterification or transesterification of ascorbic acid in 
palmitic fatty acid oil systems. Due to the incorporation of ascorbic acid – a potent antioxidant, 
most of its fatty esters possess high activity in terms of scavenging free radicals (Karmee 2009). 
Additionally, ascorbyl ester possess an amphiphilic structures which make possess biosurfactant 
properties and hence, can be used in detergent manufacturing as well as drug formulations 
(Viklund, Alander and Hult 2003). Studies have shown that lipase-catalysed synthesis of ascorbyl 
esters with longer chain fatty acids result in higher yield and solubility in fats and oils than the 
saturates (Gulati et al. 1999). Key limitation in the production of vitamin C based fatty acid esters 
with the aid of chemical processes are relatively low yields and a reduced property of 
regioselectivity (Antonopoulou et al. 2016). The mild synthesis conditions such as low 
temperature ensures high substrate specificity in lipase catalysed reactions thus preventing 
product degradation and production of by-products common with chemically produced ascorbyl 
ester (Burham et al 2009).  
Tocopherols (Vitamin E) 
In addition to previously discussed bioactive compounds and ascorbic acids, an additional 
compound with powerful antioxidant properties is alpha tocopherol (vitamin E). Vitamin E has 
been reported to be useful for nutritional supplementation or in cosmetic ointments for topical 
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application (Shimada et al. 2009). However, despite its benefits, Vitamin E is highly labile to heat 
and is not very soluble in a number of food and lipid matrixes (Chu, Baharin and Quek 2002). 
Therefore, to overcome these limitations, Vitamin E in the form of its derivatives is considered as 
the most preferred industrial alternative (Jensen, Engberg and Hedemann 1999). Vitamin E 
succinate, a product of vitamin E and succinic acid conjugation is the most efficient derivative of 
vitamin E. It has been found to be a useful antioxidant in food, pharmaceutical and cosmetic 
products while also important in inhibiting some types of cancer (Aaby, Skrede & Wrolstad 
2005). Chemical method of synthesising tocopheryl conjugates is undesirable because it involves 
the use of potentially toxic chemicals such pyridine or tertiary amine (Jiang et al. (2013). Lipase 
catalysed synthesis of vitamin E derivatives is considered a potentially safe alternative. Lipases 
are also highly selective, ensuring that by-products are not produced during the reaction (Hu et al. 
2013).  
As researched by Aouf et al. (2014), despite the potential advantages of such a lipase 
catalysed system, there is still a need to further optimise the rates of lipase synthesised reaction 
considering the slow rates of kinetics. Difficulties still remain on the need to obtain a suitable 
lipase and an efficient enzyme-tocopherol based substrate which can ensure high rates of enzyme 
activity after dissolving both the hydrophilic and hydrophobic substrates in the medium of organic 
solvents. Additional research is required on improving conditions of enzyme operation to ensure 
sufficient product yields. Therefore, there is need to screen lipases from various sources and 
explore their effects on yields in various operating conditions and organic solvents (Liu et al. 
2014).  
Lipase-produced derivatives of vitamin E have been found to be useful as antioxidants 
cosmetics and lipid-based food products that are highly susceptible to high rates of rancidity. 
Alpha tocopheryl succinate and acetate produced using lipase were used to stabilize oils rich in 
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polyunsaturated fatty acids. They were highly efficient in scavenging free radicals and thus 
offering protection against lipid peroxidation (Torres et al., 2008).  
Retinols (Vitamin A) 
Micronutrients like minerals and vitamins, are essential for the functioning of various 
immunological, enzymatic and metabolic processes in our body, essential for ensuring sustenance 
of daily life activities (Sammugam & Pasupuleti 2018). Micronutrients like Vitamin A or retinols 
are essential for the regulation of visual functioning and for the purpose of stabilizing free radicals 
responsible for the production of mutations in the DNA (Maugard, Tudella and Legoy 2000).  
Vitamin A and its derivatives find usage in a wide range of cosmetic and skin care products and 
also in the pharmaceutical industry for production of drugs and nutritional supplements. A 
commonly used vitamin A derivative is Vitamin A alcohol, because of its high activity among 
retinoids (Ansorge-Schumacher and Thum 2013). However, it can be easily degraded in the 
presence of air, light, heat, oxygen or oxidising agents and displays high rates of instability. 
Hence, to overcome these limitations, esters of Vitamin A have been produced (Orsat, Wirz and 
Bischof 1999). Although chemical methods of synthesis are known, the use of lipases have also 
been reported. For instance, microbial lipases (from Mucor miehei, Thermomyces lanuginosus 
and Candida antarctica) and porcine pancreatic lipase were used to for the synthesis of vitamin A 
acetate and palmitate (Chunhua, Tao and Tianwei 2006).  
Lipases are now emerging as a promising option in the production of a range of products 
of commercial importance. As observed, lipases acquired from microbial sources are currently 
being attached greater importance with the onset of advancements in science and enzyme 
technology. There is a further need to develop improved operating industrial processing systems 
considering the relatively low rates of kinetics and difficulties in obtaining adequate yields. 
Lipases are being used in a variety of industries and commercial fields such as nutritional 
supplements, food flavourings, manufacturing of fine chemicals, agrochemicals, derivation of 
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micronutrient and antioxidant esters, production of perfumes and cosmetics and biocatalytic 
resolution of pharmaceuticals (Gao et al. 2005).  
Food and health applications of bioconjugates  
Antioxidant and anti-inflammatory properties  
Bioconjugates are at present used widely in the food industry, especially in the modification of 
bioactive compounds with improved properties. A number of bioconjugates have been reported to 
have antioxidant properties. For instance, lipase-produced ascorbyl esters showed high 
antioxidant activities in lipids (Stevenson et al. 2007). Polyphenolic conjugates such as 
hydroxytyrosyl esters (Trujillo et al. 2006), tyrosyl esters (Mateos et al. 2008), resveratrol 
ester(Oh & Shahidi 2018)and a broad range of phenolic acids (de Pinedo et al. 2005)have been 
found to be potent antioxidants. Although, little or no information is available on the anti-
inflammatory activities of most bioconjugates, studies have shown that if one of parent 
compounds has anti-inflammatory property, the resulting conjugates should have this property 
too. A number of polyphenolic compounds used for synthesising bioconjugates have been 
reported to inhibit pro-inflammatory molecules such as tumour necrosis factor  (TNF-), 
interleukin-6 (IL-6) and C-reactive protein (CRP) (Holland et al. 2017). Hence, these confirm the 
ability of some bioconjugates to deliver efficient antioxidant and anti-inflammatory properties 
(Harish et al. 2010).  
 
 
Bioconjugates as food antioxidants. 
A combinatorial collection of 12 bioconjugates was synthesized from the phenolic 
antioxidants Trolox (a water-soluble α-tocopherol analogue), dihydroferulic acid, dihydrocaffeic 
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acid, and gallic acid in amalgamation with serine ethyl ester, serine lauryl ester, and lauroyl serine 
by esterification of the serine side chain or amidation, respectively. The rate of oxygen 
consumption in oil-in-water emulsion was found to decrease with swelling octanol/water partition 
coefficient, which is suggested to correspond to a saturation of the water/oil interface with 
antioxidant bioconjugate to approach maximal protection (Hunneche et al. 2008). Antioxidant 
activity of phytosterols, oryzanol, ferulic acid ester of sterols, corn fiber oil, and rice bran oil was 
investigated. The antipolymerization activity of steryl ferulate was greater at higher concentration 
than at lesser concentration, and steryl ferulate was more effective than oryzanol. Rice bran oil 
showed very good antioxidant and antipolymer-ization activities(Wang, Hicks & Moreau 2002). 
In an related study by (Nakamura et al. 1998) antioxidant activity of phosvitin and 
phosvitin−galactomannan conjugate (PGC) was assessed using a powdered model linoleic acid 
system. The conjugation of phosvitin with galactomannan significantly (P < 0.05) improved both 





MATERIALS AND METHODS 
3.0 Materials 
Omega-3 ethyl esters; EPA:DHA (500:200 and 150:500) were supplied by BASF 
Australia Ltd (Melbourne VIC Australia) and was converted to free fatty acid (FFA) as previously 
reported (Akanbi & Barrow 2015). Hydroxytyrosol was purchased from Biotain Pharma Co., Ltd. 
(Xiamen, Fujian, China). Anchovy oil was provided by Lipa Pharmaceuticals Pty. Ltd. (Minto, 
NSW Australia). 2,2-Azino-bis-3-ethylbenzothiazoline-6-sulphonic (ABTS), alpha-tocopherol, 
butylated hydroxytoluene (BHT), 2,2-Diphenyl-1-picrylhydrazyl (DPPH), beta-carotene, 
Novozym 435 lipase, hydroxytyrosol standard and gas chromatography standards were purchased 
from Sigma Aldrich (Castle Hill, Australia). Other immobilized lipases, including Lipozyme 
RMIM from Rhizomucor miehei and Lipozyme TLIM from Thermomyces lanuginosus were 
obtained from Novozymes Australia Pty. Ltd. Thin layer chromatography standards were 
purchased from Nu-Chek Prep (Elysian, MN, USA). All other chemicals used were of analytical 
grade. 
3.1  Conversion of ethyl esters (EE) to free fatty acid (FFA) 
The production of FFA from EE was performed as previously described (Akanbi and 
Barrow, 2015). After conversion, the resulting yellow oils were labelled as FFA-150:500 and 
FFA-500:200 (representing different molar ratios of EPA:DHA, respectively. These were stored 
in dark bottles under nitrogen at 4 °C until used.  
3.2 Lipid classes by Iatroscan-FID  
Lipid classes of samples were analysed by capillary chromatography with flame ionization 
detector (Iatroscan MK5, Iatron Laboratories Inc., Tokyo, Japan). The Iatroscan-FID settings 
were air flow rate; 200 mL/min, hydrogen flow rate; 160 mL/min and scan speed of 30 s/scan. 
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One microlitre of lipid sample in hexane was spotted onto the Iatroscan rods and developed for 
22 min in a solvent tank containing hexane/diethyl ether/acetic acid (60:17:0.2, v/v/v) before 
analyzing on the Iatroscan. 
3.3  Fatty acid analysis by gas chromatography 
The fatty acid compositions of ethyl ester samples were analysed by gas chromatography 
(GC) after converting them to methyl esters as previously described (Christine and Han, 2010). 
These were then analyzed using an Agilent 6890 gas chromatography with flame ionization 
detector (FID) following a previously reported method (Akanbi & Barrow 2016). Theoretical 
relative FID response correction factors (Ackman 2002) were used when quantifying individual 
fatty acids(Akanbi & Barrow 2018b). Peak areas were integrated by ChemStation software and 
corrected using theoretical relative FID response factors(Craske & Bannon 1987). 
3.4 Enzymatic synthesis of hydroxytyrosyl – FFA conjugates 
Synthesis was first carried out using FFA of 500:200 and hydroxytyrosol to standardize 
esterification conditions. Reaction was performed in a stoppered round bottom flask consisting 
1.75 gm of 2-methyl-2-butanol (2M2B), 102 mM of hydroxytyrosol and fatty acid (1:1), 25% 
immobilized lipase from Candida antarctica B and 150 mg molecular sieves (3 Å, 4–8 mesh). 
The reaction mixture was incubated at 5   C for 24 h with magnetic stirring at 300 rpm. The 
progress of the reaction was monitored by Iatroscan-FID (Akanbi & Barrow 2015). Percentage 
conversion was calculated as the area of FFA peak divided by the combined areas of FFA peak 
and hydroxytyrosol peak (Akanbi & Barrow 2015). 
3.4.1 Optimizing synthesis conditions 
The effects of different solvents, temperatures, lipases and molar ratio of substrates and 
reaction times on the conjugate formation were investigated by changing of these factors at a time 
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while fixing others. The conditions established for the optimum conjugate synthesis were then 
applied for a larger scale production up to 5g.  
3.5  Purification and characterization of conjugates 
Immobilized enzyme and molecular sieves were removed by centrifugation at 5432 xg for 
5 min and the solvent from the reaction mixture was dried in vacuo. Deionized water and heptane 
(1:5 v/v) was added. The unreacted hydroxytyrosol which is water soluble went into the water 
phase while the conjugate and FFA were resolved in the heptane phase. Silica gel column was 
then used to separate conjugate (hydroxytyrosyl ester) from the free fatty acid by eluting with 
heptane/diethyl ether/acetic acid mixtures (50:40:2) (Akanbi and Barrow, 2018). Purified 
conjugates were analyzed by Iatroscan-FID, Reversed-phase high performance liquid 
chromatography (HPLC)  and Liquid chromatography-mass spectrometer (LCMS) following 













3.6  Measurement of antioxidant activity by spectrophotometric methods 
3.6.1 ABTS radical scavenging method 
The ABTS radical scavenging activity was measured as performed by (Rice-Evans, Miller 
& Paganga 1997) with some modifications (Akanbi & Barrow 2018a). ABTS radical cation 
(ABTS+) was generated by reacting 7 mM aqueous solution of ABTS with 2.45 mM potassium 
persulphate (K2S2O8) and the mixture rose for 16 hours in the absence of light prior to use. 
Subsequently, reaction mixture was diluted with ethanol to an absorbance of approximately 0.7 at 
734 nm (Cary 300 Bio UV-visible Spectrophotometer, Agilent Technologies). Different 
concentrations (0, 0.5, 1, 5, 10 and 20 M) of test compounds (2 mL) was mixed with the ethanolic 
ABTS+ solution (2 mL) and absorbance was read at 734 nm after 15 min. Radical scavenging 
activity was calculated as: 
Radical scavenging activity (%) =                                      
Where Acontrol and Asample are absorbance of control and sample, respectively. Control 
contained no test compound. 
3.6.2 DPPH radical scavenging method 
The DPPH radical scavenging assay was carried out as previously reported (Nenadis & 
Tsimidou 2002). 2 mL of DPPH (40 M in methanol) solution was added to 50 µL of various 
concentrations (0, 0.5, 1, 5, 10 and 20 M) of test compounds dissolved in methanol. These were 
carefully mixed and incubated at room temperature for 30 min in the dark and absorbance was 
read at 517 nm in a Cary 300 Bio UV-visible Spectrophotometer (Agilent Technologies). DPPH 





3.6.3 β-carotene bleaching assay 
The β-carotene bleaching method followed was as previously reported (Madhujith & 
Shahidi 2006). Absorbance was read at 450 nm with interval of 20 min for about 120 min. Percent 
inhibition of β-carotene-linoleic acid oxidation was calculated by formula: 
Inhibition (%) = 100 - [1 × (As0 - As120) / (Ac0 - Ac120)] 
where As0 and As120 are absorbance values for test samples at 0 min and 120 min while 
Ac0 and Ac120 are absorbance values for control at 0 min and 120 min, respectively (Madhujith 
& Shahidi 2006). 
 
 
3.6.4 Measurement of antioxidant activity by Rancimat method 
To determine the antioxidant activity of conjugates in omega-3 rich oil (anchovy oil), 
accelerated oxidation test involving Rancimat was used. Different amount of test compounds 
were added to anchovy oil (4 gm) and were analysed using the Rancimat as formerly described 
(Wang, Adhikari & Barrow 2014)   amples were heated at 7   C under an air flow rate of    L h 





RESULTS AND DISCUSSIONS 
4.0 Fatty acid analysis of omega-3 ethyl esters by gas chromatography 
Fatty acid analysis of the ethyl esters were carried out in order to confirm their purity. 
Results for both the 500:200 (EPA:DHA) and 150:500 (DHA:EPA) ethyl esters as analysed using 
Agilent 6890 gas chromatograph with flame ionization detector (FID) are presented in Figure 1A 
and 1B respectively. As shown, different molar concentration ratio of EPA and DHA can be 
observed in both samples with few insignificant amount of other compound. In Figure 1A, 
Arachidonic acid is present in the 500:200 sample, higher amount of DHA and low amount of 
EPA were also observed which correspond to the stated ratios. For the 150:500 sample, lower 
ratio of DHA to that of EPA was found, which is consistent with the producer’s specifications   
4.1 Conversion of ethyl esters (EE) to free fatty acid (FFA) 
The omega-3 EPA/DHA ethyl esters were converted to free fatty acids prior to the 
formation of conjugates because lipase actions on ethyl esters is very poor (Yang, Kuksis & 
Myher 1990). Ethyl esters conversion to free fatty acids (FFA) was carried out as previously 
reported (Akanbi et al., 2015) and the progress of conversion was monitored using Iatroscan-FID.  
Reaction conditions were as described in the methods section. Figures 1A, B and C show the 
progress of conversion of EE to FFA. Within 30 min, more than 50% of EE has been converted to 
FFA (Figure 1A). After about 60 min, the remaining EE has significantly reduced (Figure 1B) and 
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Figure 2: Monitoring the progress of EE conversion to FFA at (A) 30 min, (B) 60 min and (C) 
120 min by using capillary chromatography with flame ionization detector (Iatroscan MK5, Iatron 































































4.2 Effects of different conditions on conjugate synthesis  
The effects of different synthesis conditions such as enzymes, solvents and substrate ratios were 
investigated with results presented in Figure 1. As shown, only 2-methyl-2-butonol favoured the 
synthesis of conjugates with almost 100% conversion (Figure. 3A). Thus 2-methyl-2-butonol was 
selected for subsequent experiment. When mole ratios of substrates were varied from 1:1 to 1:2 
(hydroxytyrosol-fatty acid), the highest percentage conversion was obtained with 1:1 (Figure 3B) 
and was chosen for further experiment. When enzymes were screened, it was only immobilized 
Cal B (Novozym 435) that favoured conjugate synthesis (Figure 3C). With regards to reaction 
time, conjugate yield increased as time increased, but complete conversion was observed at 24 h 
and so this time was used for subsequent experiment (Figure 3D). The enzyme amount used in 






































Figure 3: Effects of different solvents (A), substrate molar ratio (B), enzyme type (C) and 
reaction time (D) on conjugate synthesis. Percentage conversion was calculated from the 






















































































4.3 Scale-up synthesis and purification of conjugate 
Having established the optimum conditions for synthesizing the hydroxytyrosyl esters, reaction 
was scaled up to provide enough samples for other experiments. Up to 5g product was made for 
each sample. These were then purified using column chromatography as mentioned in the method 






































4.4 Characterization of conjugates by HPLC and LCMS 
The results of the High Performance Liquid Chromatography (HPLC) analyses of the conjugates 
are shown in Figure 5. The chromatograms of conjugate Hyt-500:200 (Figure 5A) showed two 
prominent peaks corresponding to the conjugates of EPA and DHA in the starting FFA. 
Meanwhile the chromatogram of Hyt-150:500 (Figure 5B) show three peaks, which were 
conjugates formed with EPA, DHA and ARA. The presence of ARA in 150:500 has already been 































The mass spectra of conjugates are presented in Figure 6. The MS results showed that all the 




































4.5 Antioxidant activity of conjugates in synthetic substrates 
4.5.1 ABTS radical scavenging assay 
A widely used method for measuring the radical scavenging activity of antioxidants is the 
ABTS assay, where the scavenging of the stable free radical 2,2-azino-bis-3-ethylbenzothiazoline-
6-sulphonic acid (ABTS
+
) is evaluated. The radical scavenging activities of the test compounds 
are shown in Figure 7. The comparative order of ABTS scavenging is in this fashion: (1) 
Hydroxytyrosol > (2) Conjugate Hyt-15 :5   ≥ (3) Conjugate Hyt-5  :    ≥ (4) α-Tocopherol > 
(5) BHT. As previously reported, the length of the alkyl side chain affects the antioxidant activity. 
Esters with shorter linear chains will show a scavenging activity higher than hydroxytyrosol 
(Alcudia et al. 2004). Because the synthesised conjugates have longer chain fatty acids, they 
showed less scavenging activity to hydroxytyrosol. Interestingly, both conjugates are better 
scavengers of ABTS radicals than BHT. There are currently no studies on polyphenolic esters of 












Figure 7: ABT  radical scavenging activities of α-tocopherol, BHT, hydroxytyrosol and 





4.5.2  DPPH radical scavenging assay 
The DPPH (2,2-Diphenyl-1-picrylhydrazyl) scavenging assay is a rapid, substrate-free 
methodology for measuring antioxidant activity of test compounds. Results presented in Figure 8 
showed show that conjugates Hyt-500:200 and Hyt-150:500 were better DPPH scavenger than 
BHT. These results are again consistent with what was obtained with ABTS. Several studies have 
shown that BHT is not a good scavenger of DPPH and ABTS radicals. (Fki, Allouche & Sayadi 
2005; Grasso et al. 2007; Kim et al. 2000). Other studies have also shown that polyphenolic 
conjugates tend to perform better as scavengers of synthetic substrates like ABTS and DPPH than 













Figure 8: DPPH radical scavenging activities of α-tocopherol, BHT, hydroxytyrosol and 





4.6 β-Carotene bleaching assay 
This method is used to measure the rate of oxidative destruction of β-carotene by the free 
radicals generated as results of the oxidation of linoleic acid in an emulsion system.  Results 
presented in Figure 9 show that hydroxytyrosol performed better than all other test compounds. 
Both conjugates (Hyt-500:200 and Hyt-150:500) showed slightly higher inhibition rates of β-
carotene destruction over BHT and α-tocopherol. Study conducted by Medina et al., (2009) shows 
that in any emulsion systems a short−medium lipophilic chain can increase the antioxidant ability 
of hydroxytyrosol supporting the localization of the antioxidant in the oil-water emulsion 
interface. Authors also found that parent polyphenolic compounds that are water soluble tend to 
perform better than their fatty acid esters (Medina et al. 2009). Although the conjugates may 
perform less than hydroxytyrosol in the emulsion system, they can be considered as better 
antioxidants than BHT and α-tocopherol in an emulsion system. 
 
 
Figure 9: Antioxidant activity of α-tocopherol, BHT, hydroxytyrosol and conjugates (Hyt-
500:200 and Hyt-150:500). Results are means of three replicates. 












4.7 Antioxidant activity in bulk oil 
The antioxidant activities of conjugates were evaluated in anchovy oil at a concentration of 3, 5, 
7.5 and 10 mmol/kg oil using the Rancimat accelerated oxidation test method. BHT and α-
tocopherol were used as standard antioxidants. Rancimat settings were as described in the 
methods section. Rancimat results showing the oil stability index (OSI) are presented in Figure 
10. As the concentration of test compounds increased, oil stability increased with the exception of 
α-tocopherol (Figure 10). As stated by the anchovy oil supplier, 200 ppm of α-tocopherol has 
been added to the oil, so additional α-tocopherol may have pro-oxidant effect on the oil.  
Interestingly both conjugates (Hyt-500:200 and Hyt-150:500) and BHT performed almost equally 
as the concentration increased up to 7.5 mM, however at 10 mM, BHT outperformed them. BHT 
concentration as high as 10 mM is not recommended for consumption as it is a potentially toxic 
compound at higher concentration, however it was used as a positive control in this study. These 
results are consistent with those obtained for long-chain conjugates of quercetin-3-O-glucoside 
(Q3G) (Warnakulasuriya & Rupasinghe 2014).It was also observed that as the concentration of 
conjugates increased, PUFAs content increased too. This was believed to be caused by oxidation 
of the fish oil at some point, however up to the 7.5 mM and 10 mM concentrations used, we did 
not see oxidation of the oil taken place. Further works on these are going on to understand at what 
concentrations the conjugates may become pro-oxidants. 
 
 
Figure 10: Effect of Conjugates (Hyt-500:200 and Hyt-15 :5  ), BHT and α- tocopherol on 
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5.0  Conclusion 
The use of lipase to synthesis conjugates of omega-3 fatty acids and hydroxytyrosol that can be 
used as potential antioxidants has been carried out. The effects of different immobilized lipases, 
solvents and molar ratios of reactants on conjugate yields were studied. Candida antarctica lipase 
B (Cal B), Thermomyces lanuginosus (TLIM) and Rhizomucour mehei (RMIM) were screened 
for their abilities to produce conjugates. Results showed that optimum production of conjugates 
was achieved when Candida antarctica lipase B (Cal B),  -methyl- -butanol, substrate molar 
ration of 1:1 were combined at 5   C for  4 h and with magnetic stirring at 3   rpm  Conjugates 
Hyt-500:200 and Hyt-150:500 were purified by column chromatography and characterized using 
Iatroscan-FID, HPLC and LCM   Both conjugates were better antioxidants than BHT and α-
tocopherol in scavenging ABTS and DPPH radicals. They were not as effective as hydroxytyrosol 
in β-carotene emulsion system. Meanwhile, BHT and the conjugates (Hyt-500:200 and Hyt-
150:500) performed almost equally in stabilizing anchovy oil. 
This study has shown that it is possible to make conjugates of omega-3 fatty acids and 
hydroxytyrosol using lipases. Also, the resulting conjugates can be used as a means of delivering 
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